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(54) Memory array

(57) A memory array has a multiplicity of row con-
ductors and a multiplicity of column conductors, the row
conductors and column conductors being arranged to
cross at cross-points, and has a memory cell disposed

at each cross-point, each memory cell having a storage
element and a control element coupled in series be-
tween a row conductor and a column conductor, and
each control element including a silicon-rich insulator.
Methods for fabricating the memory array are disclosed.
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Description
CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application is related to co-pending and
commonly assigned applications serial number filed (at-
torney docket no. 200309680) and serial number filed
(attorney docket no. 200311564), the entire disclosure
of each of which is incorporated herein by reference.

TECHNICAL FIELD

[0002] This invention relates generally to arrays of
memory devices and methods for their fabrication.

BACKGROUND

[0003] Markets for computers, video games, televi-
sions, portable telephones, PDAs and other electrical
devices are requiring increasingly larger amounts of
memory to store images, photographs, videos, movies,
music, and other storage-intensive data. At the same
time, as computer and other electrical equipment prices
continue to drop, the manufacturers of storage devices,
such as memory devices and hard drives, need to lower
the cost of their components. Thus, in addition to the
need to increase the storage density of their devices,
manufacturers of storage devices must also reduce
costs. This trend of increasing memory storage density
while reducing the fabrication costs of the storage has
been on-going for many years. There is accordingly a
need for economical, high capacity memory structures
and economical methods for fabricating such structures,
especially methods that are compatible with methods
used to fabricate other elements of integrated circuits.

[0004] Integrated circuits including arrays of memory
nodes or logic gates have also increased steadily in den-
sity. Such integrated circuits have included dynamic ran-
dom access memory (DRAM) devices, static random
access memory (SRAM) devices, programmable read-
only memory (PROM) integrated circuits, electrically
erasable programmable read-only memory (EEPROM)
integrated circuits, write-once read-many (WORM)
memory devices, and logic devices such as program-
mable logic array (PLA) integrated circuits, among oth-
ers.

[0005] For controlling write and read operations of
multi-layer memory arrays, a control element is gener-
ally associated with each memory cell of the array. In
many cases, such control elements have required ex-
cessive power and have limited array performance. In
some cases, the driver circuits for such control elements
have required relatively large areas, accounting for
about half of the array size.

[0006] Tunnel-junction control elements using select-
ed area ratios have required smaller areas, but have re-
quired additional mask steps for their fabrication, and
have suffered yield losses due to mismatches of tunnel
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junctions, thus increasing costs.

[0007] When the sense lines within a memory array
are each connected to a selected memory cell and to
many other unselected memory cells, and the unselect-
ed memory cells are also connected to unselected bit
lines, the many parallel paths through the unselected
memory cells from a sense line to the unselected bit
lines are generally referred to as "sneak paths." Thus,
currents that flow through the sneak paths (i.e., "sneak-
path currents") have occurred in some arrays, adversely
affecting the performance of read operations.

[0008] Three-terminal memory cell devices, having a
gate electrode for controlling the state of the memory
cell, are known. Many of these are "flash" devices, which
utilize current injection into floating gates. In a typical
flash memory, each of the memory cells includes a float-
ing-gate field-effect transistor capable of holding a
charge, and the data stored in a cell is determined by
the presence or absence of the charge in the floating
gate. Other three-terminal memory cell devices employ
Metal-Oxide-Nitride-Oxide-Silicon (MONOS) structures
or Silicon-Oxide-Nitride-Oxide-Silicon (SONOS) struc-
tures in which a gate insulating layer between a channel
region and a control gate includes a laminated portion
consisting of a silicon oxide layer, a silicon nitride layer,
and another silicon oxide layer, and in which the silicon
nitride layer traps electric charges. While these memory
devices perform their intended functions, there is an on-
going need for economical high-yield methods for fabri-
cating memory structures, including memory arrays, es-
pecially memory arrays with reduced susceptibility to
sneak-path currents.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The features and advantages of the disclosure
will readily be appreciated by persons skilled in the art
from the following detailed description when read in con-
junction with the drawings, wherein:

FIG. 1 is a top plan view of an embodiment of a
crosspoint memory array.

FIG. 2 is a cross-sectional side elevation view of a
first embodiment of a memory cell.

FIG. 3 is a cross-sectional side elevation view of a
second embodiment of a memory cell.

FIG. 4 is a cross-sectional side elevation view of a
third embodiment of a memory cell.

FIG. 5 is a cross-sectional side elevation view of a
fourth embodiment of a memory cell.

FIG. 6 is a cross-sectional side elevation view of a
fifth embodiment of a memory cell.
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FIG. 7 is a cross-sectional side elevation view of a
sixth embodiment of a memory cell.

FIG. 8 is a cross-sectional side elevation view of a
seventh embodiment of a memory cell.

FIG. 9 is a graph of current/voltage relationships in
an embodiment of a memory cell.

FIG. 10 is a graph of resistance vs. current in an
embodiment of a memory cell.

FIG. 11 is a cross-sectional side elevation overall
view of an embodiment of a memory array.

FIG. 12is a top plan view illustrating an embodiment
of a chip layout for a memory array.

FIG. 13 is a schematic block diagram of an embod-
iment of a row configuration for a memory array.

FIG. 14 is a simplified schematic diagram of an em-
bodiment of a memory array, illustrating a write op-
eration.

FIG. 15 is a simplified schematic diagram of an em-
bodiment of a memory array, illustrating a read op-
eration.

FIG. 16 is a flow chart illustrating an embodiment of
a method for fabricating a memory array.

DETAILED DESCRIPTION OF EMBODIMENTS

[0010] For clarity of the description, the drawings are
not drawn to a uniform scale. In particular, vertical and
horizontal scales may differ from each other and may
vary from one drawing to another. In this regard, direc-
tional terminology, such as "top," "bottom," "front,"
"back," "leading," "trailing," etc., is used with reference
to the orientation of the drawing figure(s) being de-
scribed. Because components of the invention can be
positioned in a number of different orientations, the di-
rectional terminology is used for purposes of illustration
and is in no way limiting.

[0011] Integrated circuits having arrays of devices,
gates, or memory nodes disposed on multiple levels re-
quire "vertical" interconnections or "pillars" to intercon-
nect devices, gates, or memory nodes on one level with
other devices, gates, or nodes on other levels. In this
context, the term "vertical" differs from its everyday con-
notation in that it does not refer to the direction of gravity.
Throughout this specification, the drawings, and the ap-
pended claims, the term "vertical" refers to a direction
generally perpendicular to a substrate or base plane of
an integrated circuit. Also, the term "pillar" referring to
an interconnection and the term "vertical interconnec-
tion" are used interchangeably to mean an interconnec-
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tion communicating between different layers of an inte-
grated circuit, regardless of the spatial orientation of
those different layers. Integrated circuits herein include
not only monolithic integrated circuits, but also hybrid
integrated circuits and multi-layer or "stacked" modules.
The term "cell" herein refers to a functional element of
an array, such as a memory node, a logic gate, a switch-
ing device, a field-effect device, or a semiconductor de-
vice.

[0012] According to one aspect of the embodiments
of the invention, a memory array has a number of row
conductors and a number of column conductors, the row
conductors and column conductors being arranged to
cross at cross-points, and the memory array has a mem-
ory cell disposed at each cross-point, as shown in FIG.
1, each memory cell having a storage element and a
control element coupled in series between a row con-
ductor and a column conductor, and each control ele-
ment including a silicon-rich insulator. The silicon-rich
insulator (e.g. silicon-rich oxide) may be patterned. FIG.
1 is a top plan view of an embodiment of such a cross-
point memory array 10, with a memory cell 20 at each
cross-point, row conductors 30, and column conductors
40 intersecting the row conductors at each memory cell
20. As shown in FIG. 1, the row conductors 30 may be
arranged in mutually orthogonal relationship with the
column conductors 40. Memory cell 20 may be a write-
once/read-many device.

[0013] Another aspect of the embodiments provides
a memory array 10 in which the control element of each
cell includes a tunnel junction in addition to the silicon-
rich insulator, as shown in FIG. 2. The storage element
of each cell may comprise, for example, an anti-fuse, a
tunnel junction, or a state-change layer. Specifically,
when the storage element comprises a state-change
layer, the state-change layer of such a storage element
may comprise a chalcogenide.

[0014] Various embodiments of memory cell 20 are
shownin FIGS. 2 - 8. The cross-sectional views of FIGS.
2, 3, and 4 are all taken at the plane indicated in FIG. 1
for FIG. 2. Dimensions L1 - L8 in the drawings are ex-
plained below in the section titled "FABRICATION."
[0015] FIG. 2 is a cross-sectional side elevation view
of an embodiment of a memory cell 20. In the embodi-
ment of FIG. 2, column conductor 40 extends to the left
and right, parallel to the plane of the drawing. Row con-
ductor 30 extends in a direction perpendicular to the
plane of the drawing. The projected intersection of the
row and column conductors generally defines the area
of memory cell 20 disposed at that intersection. In the
embodiment shown in FIG. 2, storage element 50 may
be a tunnel junction or a state-change layer such as a
chalcogenide layer. In this embodiment, the control el-
ement (coupled in series with the storage element) con-
sists of silicon-rich insulator 60 and tunnel junction 70.
Arrow 80 shows the direction of storage-element elec-
tron flow. Arrow 90 shows the direction of control-ele-
ment electron flow. Arrow 100 shows the direction of
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programming current. As shown in FIG. 2, silicon-rich
insulator 60 may be patterned. An optional layer of in-
terlayer dielectric 120 deposited and then planarized to
the top of silicon-rich insulator 60 may be used to pro-
vide insulation between the individual regions of silicon-
rich insulator 60 in various memory cells. Thus, the pat-
terned silicon-rich insulator 60 of each memory cell is
electrically isolated from the patterned silicon-rich insu-
lators of all other memory cells. Alternatively, layer 120
can be omitted and layer 70 serves as the insulator be-
tween laterally adjacent patterned silicon-rich insulators
60.

[0016] It is not necessary to pattern storage layer 50
and control element tunnel-junction layer 70, since they
effectively have infinite resistance between cross-
points. Silicon-rich insulator layer 60 is a voltage-de-
pendent conductive layer, ideally patterned to avoid the
necessity of a constraint on voltage across it between
cross-points. However, it can be optionally un-pat-
terned, if the electric potential across it between cross-
points is constrained in the application to be below a
specified voltage threshold of conduction.

[0017] Thus, another aspect of the embodiments is a
memory array 10 including a number of row conductors
30 and a number of column conductors 40 arranged to
cross at cross-points, and including a memory cell 20
disposed at each cross-point, each memory cell having
a storage element 50 and a control element 45 coupled
in series between a row conductor and a column con-
ductor. Each storage element 50 comprises a tunnel-
junction anti-fuse or a state-change layer such as a chal-
cogenide layer. Each control element 45 comprises a
silicon-rich insulator 60 (optionally patterned) and a tun-
nel junction 70. The silicon-rich insulator 60 of the con-
trol element 45 injects current into the tunnel junction 70
of the control element when the memory cell 20 is se-
lected and isolates the storage element 50 when the
memory cell 20 is unselected. Silicon-rich insulator 60
may be considered an electronic switch that allows se-
lection of the memory cell for programming and sensing
of the storage state, as well as isolation of the memory
cell when the memory cell is unselected.

[0018] The layer 60 of silicon-rich oxide (SRO) of the
control element 45 provides for enhanced current injec-
tion into the dielectric of tunnel junction layer 70. Current
injection from SRO is described in the paper by D. J.
DiMaria et al., J. Appl. Phys. V. 51(15), May 1980, pp.
2722 - 2735; in the paper by D. J. DiMaria et al., J. Appl.
Phys. V. 55(8), 04-15-1984, pp. 3000 - 3019; and in the
chapter by D. J. DiMaria, "High Current Injection Into
SiO, Using Si-rich SiO, Films and Experimental Appli-
cations" in "The Physics of MOS Insulators," (G. Lucov-
sky et al., Eds.) Pergamon Press, New York, 1980, pp.
1 - 18. The entire disclosure of each of these three pub-
lications is incorporated herein by reference.

[0019] One effect of the silicon-rich-insulator control
element of each memory cell is improved isolation and
a resultant significant reduction of cumulative sneak-

10

15

20

25

30

35

40

45

50

55

path currents that might otherwise occur when a row of
the memory array is driven. This improved isolation, in
turn, allows elimination of very large row-driver circuits,
saving up to half of the memory area previously dedi-
cated to row drivers. Each memory cell is electrically iso-
lated from the patterned silicon-rich insulators of all oth-
er memory cells. In addition, the size of sub-arrays is
substantially increased, which reduces overall over-
head for memory array support circuitry. Patterning the
memory cell can maximize the achievable array size
and can minimize support-circuit overhead costs. This
patterning can be achieved with a reduced number of
masks or without additional masks, thus lowering fabri-
cation costs. Stacked memory-array layers may be fab-
ricated without destroying lower-layer memory cell
structures and lower-layer metal lines. Furthermore, a
large part of the area under the array can be utilized for
CMOS control circuits, as described below in connec-
tion with the discussion of FIG. 11.

[0020] In comparison with previous solutions, other
advantages provided by the use of a silicon-rich insula-
tor include higher currents at the low voltages needed
for lower voltage devices and higher current densities
which are particularly useful with devices having dimen-
sions below 0.5 micrometer. In addition, the silicon-rich
insulator can act like a control element due to its asym-
metric rectification characteristic.

[0021] Within the control element of the present in-
vention, current injection from the silicon-rich insulator
allows the use of thicker oxide, so that fewer defects
occur and yield is improved. Also, the breakdown volt-
age of the control element is improved, significantly re-
ducing the probability of control element failure due to
an over-voltage condition that can occur when an anti-
fuse changes state.

[0022] When storage element 50 is a tunnel-junction
oxide or a state-change layer such as a chalcogenide
layer, data may written into memory cell 20 by forming
a low-resistance filament 110, shown schematically in
FIGS. 2 - 7. While a stylized schematic depiction of low-
resistance filament 110 is shown in several embodi-
ments, its shape or its presence in these drawings
should not be regarded as limiting the invention. Other-
wise similar embodiments which do not form such a fil-
ament are also operable in accordance with the present
invention.

[0023] FIG. 3 is a cross-sectional side elevation view
of a second embodiment of a memory cell. In this em-
bodiment, it is not necessary that silicon-rich insulator
layer 60 be patterned, though it may be patterned if de-
sired. A patterned conductive middle electrode 130 ef-
fectively determines the portion of silicon-rich insulator
layer 60 that participates in operation of the memory cell.
The patterned conductive middle electrodes 130 of dif-
ferent adjacent memory cells are insulated from each
other by interlayer dielectric (ILD) 120. In this embodi-
ment, middle electrode 130 is disposed between stor-
age element 50 and silicon-rich insulator layer 60.
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[0024] FIG. 4 is a cross-sectional side elevation view
of a third embodiment of a memory cell. This embodi-
ment is similar to the embodiment of FIG. 3 in that it has
a patterned conductive middle electrode 130, but this
embodiment omits the interlayer dielectric 120. The sil-
icon-rich insulator 60 insulates different memory cells at
adjacent cross-points from each other. In this embodi-
ment, middle electrode 130 is disposed generally be-
tween storage element 50 and silicon-rich insulator lay-
er 60 by virtue of being embedded in the bottom portion
of the latter. In a variation on the embodiment of FIG. 4,
the silicon-rich insulator layer 60 may also be patterned,
similarly to the configuration shown in the embodiment
of FIG. 2. Also, as in FIG. 2, an interlayer dielectric 120
may be used in conjunction with the patterned silicon-
rich insulator layer 60.

[0025] The cross-sectional views of FIGS. 5, 6, 7, and
8 are all taken at the plane indicated in FIG. 1 for FIG.
5. FIG. 5 is a cross-sectional side elevation view of a
fourth embodiment of a memory cell. This embodiment
is similar in some respects to the embodiment of FIG.
4, but conductive middle electrode 130 is omitted in this
embodiment. The directions of storage-element elec-
tron flow 80, control-element electron flow 90, and pro-
gramming current 100 in this embodiment are reversed
from those of FIGS. 2 - 4. Again, a related embodiment
may include a patterned silicon-rich insulator layer 60
and may also include an interlayer dielectric 120 used
in conjunction with the patterned silicon-rich insulator
layer 60, as described in connection with FIG. 2.
[0026] FIG. 6 is a cross-sectional side elevation view
of a fifth embodiment of a memory cell. In the embodi-
ment shown in FIG. 6, conductive middle electrode 130
is disposed between silicon-rich insulator layer 60 and
storage-element layer 50. The patterned conductive
middle electrodes 130 of memory cells at adjacent
cross-points are insulated from each other by interlayer
dielectric (ILD) 120. The directions of storage-element
electron flow 80, control-element electron flow 90, and
programming current 100 in this embodiment and that
of FIG. 7 are the same as in FIG. 5 (i.e., reversed from
those of the embodiments shown in FIGS. 2 - 4).
[0027] FIG. 7 is a cross-sectional side elevation view
of a sixth embodiment of a memory cell. This embodi-
ment has a patterned conductive middle electrode 130
disposed between silicon-rich insulator layer 60 and
storage-element layer 50, by virtue of being embedded
in the bottom portion of the latter. As in all the embodi-
ments of FIGS. 3 - 6, the embodiment of FIG. 7 may be
modified in that the silicon-rich insulator layer 60 may
also be patterned, similarly to the configuration shown
in the embodiment of FIG. 2. Also, as in FIG. 2, an in-
terlayer dielectric 120 may be used in conjunction with
the patterned silicon-rich insulator layer 60.

[0028] FIG. 8 is a cross-sectional side elevation view
of a seventh embodiment of a memory cell. This embod-
iment has a conductive middle electrode 130 formed by
a final patterning step without a separate mask, thus
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eliminating a mask step in the fabrication of this embod-
iment. In the fabrication of this embodiment, a blanket
conductive layer 130 is deposited over silicon-rich insu-
lator layer 60, patterned with the row conductor 30 below
it, and storage element layer 50 is deposited over the
conductive layer 130. After column conductor 40 is de-
posited and patterned, a step of plasma oxidation is per-
formed, using column conductor 40 as a hard mask and
oxidizing the unmasked portions of the conductive layer
130 to form oxide regions 140. Arrows 150 illustrate
schematically the oxygen plasma penetration through
storage element layer 50.

[0029] The masked portions under column conductor
40 remain un-oxidized and thus remain conductive to
form a patterned, isolated, middle electrode 130.
[0030] FIG. 9 is a graph of tunnel-junction current/
voltage relationships in an embodiment of a memory
cell. The vertical axis shows current, and the horizontal
axis shows the tunnel-junction voltage. Read load line
205 and write load line 235 are shown as dashed lines
which intersect the voltage axis at read voltage 255 and
write voltage 265 respectively, as indicated along the
voltage axis. The low-conductivity-state read current is
indicated by horizontal dashed line 206. The high-con-
ductivity-state read current is indicated by horizontal
dashed line 207. As voltage across an un-fused (effec-
tively open) tunnel-junction device is increased (curve
250), typically, the tunnel junction fuses at a switch point
275, whereupon a complete filament is formed and the
current-voltage characteristic changes (arrow 260) to
that of a fused (effectively shorted) device, shown by
line 240. After a fusing event is completed, the current-
voltage characteristic 240 of the fused tunnel-junction
device falls within a fairly narrow sensing-voltage range.
The two arrows 241 and 242 represent retrace of current
along the current-voltage characteristic in the high-con-
ductivity state. It should be noted that the high conduc-
tivity state retraces but the low conductance state does
not; once the device switches, the current follows only
the nearly vertical line 240. In those devices that are not
switched, the current follows the leftmost portion of cur-
rent-voltage characteristic 250.

[0031] Memory cell embodiments employing a control
element with both a silicon-rich insulator and a tunnel
junction are improved in uniformity and reliability over
those with only a tunnel-junction control element. FIG.
10 is a graph of total resistance (Megohms) vs. current
inputin nanoamperes (nA) in an embodiment of a mem-
ory cell which has both a tunnel-junction control element
and a tunnel-junction storage element. The plotted re-
sistance 280 drops sharply upon anti-fuse breakdown
290 and drops further to zero upon breakdown 295 of
the control-element tunnel junction. Thus, attention
should be paid to over-voltage control. Memory cell em-
bodiments using a tunnel-junction storage element and
employing a control element with both a silicon-rich in-
sulator and a tunnel junction are improved in breakdown
resistance over those with only a tunnel-junction control
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element.

[0032] FIG. 11 is a cross-sectional side elevation
overall view of a simplified embodiment of a multi-layer
memory array 10. In this embodiment, substrate 300
may be a wafer of P-type silicon suitable for CMOS cir-
cuit fabrication, for example. A first level (M1) of pat-
terned metallization 305 provides conductive lines for
connection to vias 350, for connection to control-select
FET devices having control-select gates 360, and for
connecting through conductive lines 370 to sense am-
plifiers (not shown in FIG. 11). In FIG. 11, column con-
ductors 40 extend to left and right generally parallel to
the plane of the drawing and row conductors 30 extend
in the orthogonal direction generally perpendicular to
the plane of the drawing. Three additional levels (e.g.,
second, third and fourth levels) of patterned metalliza-
tion 310, 320, and 330 provide conductive lines for col-
umn conductors 40 and for connection to vias 350. Two
other levels of patterned metallization between these
provide the conductive lines for row conductors 30. In-
terlayer dielectric (ILD) 340 isolates adjacent levels and
adjacent cross-points within each level of the multi-layer
memory array 10. As indicated by dashed ellipse 380,
the area under the array is available for CMOS circuits
in addition to the control-select devices mentioned
above. While FIG. 11 shows only a few rows and col-
umns for clarity of illustration, in actual practice a sub-
array may include a minimum of 1,000 rows and 1,000
columns, and a memory may include many subarrays.
[0033] FIG. 12 is a top plan view illustrating a simple
embodiment of a chip layout or "floorplan" 400 for a
memory array. A number of subarrays 410 may be ar-
ranged as shown, with control circuitry 415 near their
adjacent corners. Row-enable drive circuitry 420 may
be arranged between subarrays 410 along one direc-
tion, and column decode circuitry 430, including sense
amplifiers, may be arranged along an orthogonal direc-
tion. Digital PLL circuitry 440, digital control logic 450,
memory control 460, and voltage regulation 470 (if re-
quired) may be arranged as shown in FIG. 12 near in-
terconnection pads 480 arranged along a chip edge.
Many other layouts are possible.

[0034] FIG. 13is a schematic block diagram of an em-
bodiment of a row configuration for a memory array.
Those skilled in the art will recognize that conventional
details of row-enable drives 420 are omitted for clarity
of illustration. Shown in FIG. 13 are row-enable lines 421
and 422, row-enable bit circuitry 425, bit-line-select
lines 490 and 491 (alternating), bit-enable lines 495 and
496, and row levels 0 - 7 (respectively, 500 - 507).
[0035] FIG. 14 is a simplified schematic diagram of an
embodiment of a memory array, illustrating a write (pro-
gramming) operation. In both FIGS. 14 and 15, the sym-
bol enclosed in the dashed circles 510 and 610, and rep-
licated at each cross-point, represents a memory cell
comprising a series combination of a storage element
and a control element, the latter including a tunnel junc-
tion and silicon-rich insulator. The cell enclosed in the
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dashed circle 510 is the cell which is being programmed.
During a write operation, voltage V+ may be about two
volts and voltage V4 about 50 millivolts, for example. Ar-
row 520 represents row current for the row of that cell.
The four arrows 540 represent current in cells of adja-
cent cross-points (e.g., about one microampere). FET
devices 505 are column-select devices. The unselected
columns in this example are connected at 545 and 555
to their own sense amplifiers (not shown). Sense ampli-
fier 550 for the cell being programmed is connected to
the write-pulse control 560. When the row and column
for cell 510 are selected, program current 530 may be
about 20 microamperes, for example.

[0036] FIG. 15is a simplified schematic diagram of an
embodiment of a memory array corresponding to FIG.
14, but illustrating a read operation. In FIG. 15, the state
of cell 610 is being read. Arrow 520 represents row cur-
rent for the row of that cell. Arrow 630 represents read
current. The two arrows 640 represent current in cells
of cross-points adjacent to cell 610 in the same row (e.
g., about one nanoampere). FET devices 505 are again
the column-select devices. Again, the unselected col-
umns in this example are connected at 545 and 555 to
their own sense amplifiers (not shown). Sense amplifier
550 is the sense amplifier corresponding to the cell be-
ing read. During a read operation, voltage V+ may be
about one volt and voltage V4 about 50 millivolts, for ex-
ample. Depending on the state (ON or OFF) of cell 610
when the row and column for cell 610 are selected, read
current 630 may be about ten microamperes for |, or
about one microampere for |, for example. Those
skilled in the art will recognize that, while these exam-
ples (illustrated by FIGS. 14 and 15) are representative
of an array of about 1,000 rows and 1,000 columns using
tunnel-junction storage elements, quantitative voltages
and currents may differ for larger or smaller arrays and/
or for arrays using other storage elements, such as chal-
cogenide state-change elements. The presentinvention
should not be construed as being limited to memory ar-
rays using any particular type of storage element, nor
as being limited to memory arrays using voltages or cur-
rents similar to those in the examples described herein.
[0037] Another aspect of the invention is a memory
cell including a storage element comprising a tunnel-
junction anti-fuse, and including a control element cou-
pled in series with the storage element, the control ele-
ment comprising a patterned silicon-rich insulator and a
tunnel junction. The patterned silicon-rich insulator of
the control element injects current into the tunnel junc-
tion of the control element when the memory cell is se-
lected and isolates the storage element when the mem-
ory cell is un-selected. Such memory cells, like all the
memory cell embodiments described herein, may be
combined in a memory array having a number of row
conductors and a number of column conductors ar-
ranged to cross at cross-points, and the memory cell dis-
posed at each cross-point.

[0038] Thus, another aspect of the invention is a
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memory array structure including a number of row con-
ductors and a number of column conductors arranged
to cross at cross-points and including a memory cell dis-
posed at each cross-point, each memory cell having a
storage element and a control element coupled in series
between a row conductor and a column conductor, each
storage element comprising a tunnel-junction anti-fuse,
and each control element comprising a patterned sili-
con-rich insulator and a tunnel junction.

FABRICATION

[0039] FIG. 16 is a flow chart illustrating an embodi-
ment of a method for fabricating a memory array. Steps
of this method embodiment are denoted by reference
numerals S10, S20, ..., S100. Some optional aspects of
this method embodiment are indicated in the usual man-
ner by alternative paths through the flowchart. If a sub-
strate is used, a suitable substrate is provided in step
S10 . The substrate 300 (shown in FIG. 11) may be a
wafer of P-type silicon suitable for CMOS circuit fabri-
cation, for example. Those skilled in multi-layer memory
integrated-circuit fabrication will recognize that the sub-
strate for a particular layer of memory may be provided
by a previous level (i.e., by an interlayer dielectric over
the previous memory layer, for example) so that a sep-
arate substrate need not necessarily be provided for
memory layers after the first layer. On the other hand,
multi-layer memories may also be made by stacking
multiple substrates, each carrying one or more memory-
array layers.

[0040] Instep S20, afirst conductive layer is provided
or deposited on the substrate. The first conductive layer
is patterned if necessary in step S30 to form row con-
ductors 30 or column conductors 40. A storage layer 50
is deposited in step S40. A layer of silicon-rich insulator
60 is formed in step S50, and patterned in step S55 if
desired. Silicon-rich insulator layer 60 may comprise sil-
icon-rich oxide (SRO), for example. In step S60, a thin
tunnel-junction layer 70 is formed, contiguous with the
layer of silicon-rich insulator 60. In step S70, a second
conductive layer is formed, contiguous with the tunnel-
junction layer. The second conductive layer is patterned
in step S80 to form column conductors 40 or row con-
ductors 30.

[0041] The step of depositing a thin silicon-rich oxide
layer 60 may be performed by rapid thermal chemical
vapor deposition (RTCVD) or by plasma-enhanced
chemical vapor deposition (PECVD). In a PECVD proc-
ess, forexample, the plasma may be formed in a mixture
of N,O and silane (SiH,) gases at 650°C and standard
pressure. The deposition may be performed at 600°C,
but at a higher pressure to achieve a reasonable depo-
sition rate. The ratio of SiH, gas to N,O gas is regulated
to control the silicon content while depositing an oxide
SiO, where x is less than two. The deposited silicon-rich
oxide layer 60 has a composition which, alternatively,
may be characterized by an elemental molar ratio of sil-

10

15

20

25

30

35

40

45

50

55

icon to oxygen between about 0.51 and about one. In
other words, the process is controlled to provide an ox-
ide having "excess" silicon, i.e., silicon in excess of the
amount required for stoichiometric silicon dioxide. For
example, the ratio of SiH4:N,O may be about 1:20 for
about 1% excess silicon in the SRO. Typically, SiH4:N,O
ratios used are between about 1:10 for about 10% ex-
cess silicon and about 1:5 for about 50% excess silicon.
The step of depositing a thin tunnel-junction insulator
layer 70 may also be performed by rapid thermal chem-
ical vapor deposition (RTCVD), by plasma-enhanced
chemical vapor deposition (PECVD), or by atomic layer
deposition (ALD) of Al,O4 or stoichiometric SiO,.
[0042] For some embodiments, an interlayer dielec-
tric (ILD) 120 is deposited (step S90). Metal oxide 140
may serve as a functional equivalent for the layer of in-
terlayer dielectric (ILD) 120 in some embodiments, as
shown in FIG. 8 and described in connection with that
drawing.

[0043] Also, for some embodiments, a conductive
middle electrode 130 is formed (step S100), contiguous
with the layer of silicon-rich insulator 60. Formation of
conductive electrode 130 may include patterning the
electrode. If necessary, an additional step S95 of
planarizing the interlayer dielectric (ILD) is performed,
e.g., by chemical-mechanical polishing (CMP).

[0044] Those skilled in the art will recognize from
study and comparison of FIGS. 1 - 9 and 11 that the
order of the steps in this fabrication method may be var-
ied according to the type of embodiments to be fabricat-
ed. FIG. 11 also shows that metallization layers for row
and column conductors 30 and 40 may be alternated in
a multilayer memory structure.

[0045] Dimensions L1 - L8 shown in cross-section
drawings, FIGS. 2 - 7 represent typical dimensional re-
lationships. The actual dimensions achieved in practice
depend on the lithographic technology employed, prop-
erties of the materials used, and other known factors.
For example L1, L2, L3, and L4 may all be similar, less
than about one micrometer, e.g., about 100 nanometers
or less than 100 nanometers. L8 may be about an order
of magnitude smaller than L1, L2, L3, or L4. The thick-
ness L5 of storage layer 50 may be about 1 - 5 nanom-
eters, for example. The effective thickness L6 of silicon-
rich insulator layer 60 may be about 5 - 10 nanometers,
for example. The thickness L7 of tunnel-junction layer
70 may be about 3 - 5 nanometers, for example. Tunnel-
junction layer 70 (with thickness L7) may be thicker in
memory cell embodiments made in accordance with the
present invention than in otherwise similar memory cells
without silicon-rich insulator layer 60. The additional
thickness improves layer yield. Thus, comparable char-
acteristics can be achieved with higher layer yield,
thereby reducing fabrication costs.

[0046] Thus, a practical aspect of the invention is a
method for fabricating a memory cell 20 and corre-
sponding methods for fabricating memory arrays 10
containing a number of such cells. Such method, as de-
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scribed above, includes steps of providing a substrate
300, depositing and patterning a first conductive layer
30 or 40 over the substrate, forming a storage layer 50,
forming a layer of silicon-rich insulator 60, forming a tun-
nel-junction layer 70 over the layer of silicon-rich insu-
lator, and forming and patterning a second conductive
layer 30 or 40 over the tunnel-junction layer 70. The
method may also include steps of patterning the layer
of silicon-rich insulator, depositing an interlayer dielec-
tric (ILD) 120, planarizing the interlayer dielectric (ILD),
forming a conductive middle electrode 130 contiguous
with the layer of silicon-rich insulator and/or contiguous
with storage layer 50, and patterning the conductive
middle electrode 130. In one embodiment of such meth-
ods, the interlayer dielectric 120 is formed over storage
layer 50 and patterned, an opening is formed through
the interlayer dielectric and extending to the storage lay-
er 50, and the opening through the interlayer dielectric
is filled with conductive material to form a middle elec-
trode 130 contiguous with the storage layer 50. In some
embodiments, middle electrode 130 is formed contigu-
ous with the layer of silicon-rich insulator 60.

[0047] The thin layer of insulator of the tunnel junction
70 may be a thin layer of aluminum oxide (Al,O3), silicon
dioxide (SiO,), silicon oxynitride, or other high-dielec-
tric-constant (high-K) material, for example. Both the
conductive row and column conductors 30 and 40 and
the middle electrode 130 may comprise any of a number
of conductive materials, such as titanium or titanium ni-
tride (TiN). Other conductive materials suitable for the
conductive elements include aluminum, tungsten, gold,
platinum, and other metals, and semiconductors such
as silicon (e.g., crystalline, polycrystalline, microcrystal-
line, amorphous, or doped semiconductors).

[0048] For a memory array comprising many cells in
one layer, all the cells may be made simultaneously with
their interconnections provided in the row-conductor
and column-conductor metallization layers. For a multi-
layer memory array, a first layer may be made by this
fabrication method and then the method may be repeat-
ed for subsequent layers with an interlayer dielectric be-
tween layers, each layer providing the substrate for the
next layer. Conductive vias are used to interconnect
memory layers. Thus, such a multilayer memory com-
prises a number of memory arrays arranged in memory
layers with a number of interlayer dielectrics disposed
to separate adjacent memory layers and with conduc-
tive vias selectively extending through the interlayer di-
electrics to selectively interconnect memory cells of the
memory arrays.

[0049] The memory cells of the multilayer memory
may be organized in sets with the memory cells of each
set at least partially aligned vertically with each other.
The conductive vias interconnecting memory cells of
each set may be interconnected electrically to form a
common node for that set of memory cells. These con-
ductive vias, interconnecting memory cells of each set,
are at least partially aligned vertically, thus providing a
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vertical interconnection or pillar.

[0050] Another aspect of the invention is a method of
controlling a memory cell of the type having an anti-fuse
storage element. This method includes providing a pat-
terned silicon-rich insulator combined with a tunnel junc-
tion to form a control element, whereby the memory cell
is isolated when un-selected, coupling the control ele-
ment in series with the anti-fuse storage element, and
providing conductive elements for supplying current to
selectively inject current from the silicon-rich insulator
into the tunnel junction of the control element when se-
lecting the memory cell. The memory cell structural em-
bodiments and memory array structural embodiments
described above are specially adapted to use this meth-
od of control, and the fabrication methods described
above are specially adapted to make such memory cells
and memory arrays.

INDUSTRIAL APPLICABILITY

[0051] Devices made in accordance with the inven-
tion are useful in storage devices and have lower power
requirements and larger subarray sizes than many
memory devices available heretofore. They may be
used in many applications that require storage of data,
especially for storing large amounts of data. These in-
clude applications in which the data may be written
once, but must be read many times. The fabrication
methods performed in accordance with the invention are
specially adapted for making the devices described
herein, with high yield and reduced cost through use of
a minimal number of masks and through avoidance of
very large driver devices.

[0052] Although the foregoing has been a description
and illustration of specific embodiments of the invention,
various modifications and changes thereto can be made
by persons skilled in the art without departing from the
scope and spirit of the invention as defined by the fol-
lowing claims. For example, as mentioned above, the
order of method steps may be varied to some extent.
Specifically, for example, either the row conductors or
column conductors may be deposited first on the sub-
strate, and the order of steps is therefore varied in those
two cases. Other functionally equivalent materials may
be substituted for the specific materials described in the
example embodiments. Specifically, current-injecting
materials other than silicon-rich oxide (SRO) may be
employed.

Claims

1. A memory array comprising:
a) a multiplicity of row conductors and a multi-
plicity of column conductors, the row conduc-

tors and column conductors being arranged to
cross at cross-points, and
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b) a memory cell disposed at each cross-point,
each memory cell having a storage element
and a control element coupled in series be-
tween a row conductor and a column conduc-
tor, the memory cell being characterized in
that each control element comprises a silicon-
rich insulator.

The memory array of claim 1, wherein the silicon-
rich insulator of the control element of each memory
cell comprises patterned silicon-rich oxide (SRO)
electrically isolated from the patterned silicon-rich
insulators of all other memory cells.

A memory array comprising:

a) a multiplicity of row conductors and a multi-
plicity of column conductors, the row conduc-
tors and column conductors arranged to cross
at cross-points, and

b) a memory cell disposed at each cross-point,
each memory cell having a storage element
and a control element coupled in series be-
tween a row conductor and a column conduc-
tor,

each storage element comprising a tunnel-junction
anti-fuse, and

each control element comprising a patterned sili-
con-rich insulator and a tunnel junction.

A memory cell comprising:

a storage element comprising a tunnel-junction
anti-fuse, and

a control element coupled in series with the
storage element, the control element compris-
ing a patterned silicon-rich insulator and a tun-
nel junction.

The memory cell of claim 4, wherein the patterned
silicon-rich insulator of the control element injects
current into the tunnel junction of the control ele-
ment when the memory cell is selected and isolates
the storage element when the memory cell is unse-
lected.

A method for controlling a memory cell of the type
having an anti-fuse storage element, the method
comprising the steps of:

a) providing a patterned silicon-rich insulator
combined with a tunnel junction to form a con-
trol element, whereby the memory cell is isolat-
ed when unselected,

15

20

25

30

35

40

50

55

b) coupling the control element in series with
the anti-fuse storage element, and

¢) providing conductive elements for supplying
current to selectively inject current from the sil-
icon-rich insulator into the tunnel junction of the
control element when selecting the memory
cell.

7. A method for fabricating a memory cell, the method

comprising the steps of:
a) providing a substrate,

b) depositing and patterning a first conductive
layer over the substrate,

c) forming a storage layer,
d) forming a layer of silicon-rich insulator,

e) forming a tunnel-junction layer over the layer
of silicon-rich insulator, and

f) forming and patterning a second conductive
layer over the tunnel-junction layer.

The method of claim 7, further comprising the step
of patterning the layer of silicon-rich insulator.

The method of claim 7 or 8, further comprising the
steps of:

g) forming and patterning an interlayer dielec-
tric over the storage layer,

h) forming an opening through the interlayer di-
electric and extending to the storage layer, and

i) filling the opening through the interlayer die-
lectric with conductive material to form a middle
electrode contiguous with the storage layer.

10. A method for fabricating a multilayer memory, the

method comprising the steps of:
a) providing a substrate,

b) depositing and patterning a first conductive
layer over the substrate,

c) forming a storage layer,

d) forming and patterning a first interlayer die-
lectric over the storage layer,

e) forming an opening through the first interlay-
er dielectric and extending to the storage layer,
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f) filling the opening through the first interlayer
dielectric with conductive material to form a
middle electrode,

g) forming a layer of silicon-rich insulator, at
least a portion of the silicon-rich insulator being
disposed contiguous with the middle electrode,

h) forming a tunnel-junction layer over the layer
of silicon-rich insulator,

i) forming and patterning a second conductive
layer over the tunnel-junction layer and at least
partially aligned with the middle electrode,

j) forming and patterning a second interlayer di-
electric, whereby a substrate is formed for sub-
sequent layers,

k) forming vias as required through the second
interlayer dielectric, and

1) repeating steps b) through k) until a desired
number of memory array layers have been
formed.
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